Introduction
Inulin-type fructans are polysaccharides of plant origin, the basic structural units of which are the molecules of β-Dfructofuranose, linked by β-2-1-glycosidic bonds. Inulintype fructans constitute a soluble dietary fiber fraction and are included among the so-called nondigestible food ingredients (1) . In recent years, it has been shown that both in humans and animals the application of diets supplemented with this type of polysaccharide has multidirectional health-promoting beneficial effects. There are numerous studies available in the literature on the direct and/or indirect effects of dietary supplements of inulin-type fructans on the structure and functioning of various systems and organs. Unfortunately, thus far only a few articles have been published describing the effect of a diet enriched with dietary fiber on renal and excretory system function. A study conducted on healthy mice demonstrated that the addition of gum arabic to a diet (water-soluble fiber) caused an increase of the glomerular filtration rate (GFR), a significant decrease in diuresis, and increased renal excretion of antidiuretic hormone (2).
Rondόn et al. (3) found that the supplementation of diet with 10% long-chain inulin in mice resulted in increased renal excretion of Mg 2+ and the reduction of TRPM6 protein expression (transient receptor potential melastin 6) in the distal renal tubules. Rault-Nania et al. (4) showed that in rats with hypertension induced by an excessive supply of fructose, the same addition of inulin to the diet prevented the characteristic volume increase of the proximal tubular cells. The health-promoting effect of a high content of dietary fiber on the kidneys was also demonstrated by Krishnamurthy et al. (5) and Fujii et al. (6) . These authors showed that the use of this type of diet reduces the risk of chronic kidney disease (CKD) in patients with type 2 diabetes mellitus and reduces inflammation and all-cause mortality in patients with CKD.
The results of the above-cited authors clearly indicate that supplementation with a high content of dietary fiber, including inulin-type fructans, has a significant impact on renal function. It is well known that the kidneys are the main organ responsible for maintaining the proper water and electrolyte balance of the body. In view of many changes that occur during the use of a high fiber diet, including the positive balance of many micro-and macronutrients, as well as changes in the concentrations of certain components of blood plasma, renal regulation of water excretion must also be functionally modified. In order to maintain stability of fluids and a constant volume of extracellular fluid, changes in the concentration of the individual components should be accompanied by alterations in renal resorption of water. Water absorption in the connecting tubule and collecting duct is regulated and is dependent on the current water balance of the body. Water transport in the renal tubules is driven by an osmotic gradient and occurs through specialized semipermeable water channels called aquaporins (AQPs). AQPs are small, tetrameric, and transmembrane proteins with molecular weight of approximately of 30 kDa. To date, at least 13 aquaporins expressed in various tissues have been identified in mammals. Eight AQP isoforms (AQP1, AQP2, AQP3, AQP4, AQP6, AQP7, AQP8 and AQP11) have been identified in the kidneys at distinct sites along the nephron (7). AQP2 is of particular importance in renal water retention, depending on the body's needs. Changes in the expression and localization of AQP2 in the renal tubule cells directly affect their permeability and thus the amount of resorbed water (8) .
Due to the growing popularity of inulin additives in the diets of both animals and humans, and the lack of data on the effects of such enriched diets on AQP2, we have undertaken a study aimed at identification and localization of renal AQP2 in the kidneys of growing piglets and determination of whether feeding growing piglets feed supplemented with different levels of inulin-type fructans will result in changes in the expression and localization of this protein in the cells of the renal tubules.
Materials and methods

Experimental animals
All experiments were performed in accordance with the principles and procedures of the Local Commission of Ethics for the Care and Use of Laboratory Animals (No. 11/2012 of 23.05.2012). The study was carried out on 40 PIC × Penarlan P76 crossbred piglets (males). During the experiment, the animals remained under unified and controlled environmental conditions. From the 10th day of life the piglets were divided into 5 nutrition groups (n = 8) ( Table 1) . Piglets from the control group were feed ad libitum with the standard diet. Three groups of piglets were feed ad libitum with standard diet supplemented with different levels of water extract of chicory root inulintype fructans. The chemical composition of the extract of chicory root inulin-type fructans used in the present study included approximately 92% inulin/oligofructose and 8% other carbohydrates (glucose, fructose, and sucrose).
The average degree of polymerization of inulin was 10.
The content of water extract of chicory root inulin-type fructans in the diets were as follows: group I -1%, group II -2%, group III -3%. The animals from the group IV were fed ad libitum with standard diet supplemented with 4% dried chicory roots. Starch content was lowered adequately for chicory addition. Piglets were sacrificed at the age of 50 days and kidneys were dissected. Obtained material was washed twice with ice-cold 0.9% NaCl solution and subsequently twice with ice-cold Krebs-HEPES buffer (20 mM, pH 7.4). Washed tissues were dried and placed in liquid nitrogen to protect them from proteolysis.
SDS-PAGE and western blotting
Each kidney's renal medullary region was excised and cut into small uniform pieces using dissecting tools. The renal medullary samples were placed in lysis buffer (5 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris, 0.2% ampholytes with pH 3-10, nuclease 1:1000) containing protease inhibitor cocktail at 1:100 (Sigma-Aldrich). Afterwards, the tissue samples were frozen in liquid nitrogen and were homogenized using a TissueLyser (QIAGEN). The homogenates were centrifuged at 20,800 × g for 15 min at 4 °C. The samples were warmed to 37 °C, loaded on 12% polyacrylamide gels, and run for 120 min at 100 V. The proteins of studied gels were then electrotransferred (12 V, 14 min) to PVDF membranes. The membranes were blocked with 5% nonfat-milk in PBS-T (80 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , 100 mM NaCl, and 0.1% Tween 20, pH 7.5) for 1 h and incubated overnight at 4 °C with rabbit polyclonal antibody anti-AQP2 H7661 (Department of Biomedicine and Anatomy, Aarhus University, Denmark) diluted 1:1000, followed by incubation with secondary antirabbit (P448, DAKO, Denmark) horseradish peroxidase-conjugated antibodies. The labeling was visualized by an enhanced chemiluminescence system (ECL Plus, Thermo Fisher Scientific) and exposure to a CCD camera (Versadoc 4000MP, Bio-Rad). The densitometry values and band optical density (OD) were evaluated with Quantity One software. Mean values and standard deviations were calculated. The resulting data were analyzed by one-way ANOVA and Duncan's multiple range post hoc test (Statistica 10.0) in order to test the significance of differences. Expression of AQP2 was normalized against β-actin, which was used as an internal control.
Immunohistochemistry
The kidneys were fixed in 4% paraformaldehyde, embedded in paraffin blocks, and sliced into 2-µm-thick sections on a rotary microtome. To conduct morphological and histochemical studies, sections were stained with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS). For immunohistochemical examinations of AQP2, the sections were deparaffinized using xylene, then rehydrated through graded ethanol. Endogenous peroxidase was blocked with 3% H 2 O 2 in absolute methanol for 30 min. To reveal antigens, the sections were submerged in a target retrieval solution (1 mM Tris, pH 9.0, with 0.5 mM EGTA) and heated in a microwave oven at 650 W for 6 min and then at 350 W for 10 min. After cooling the sections, nonspecific binding was blocked with 50 mM NH 4 Cl in PBS for 30 min followed by three washes with PBS blocking buffer (0.1% BSA, 0.05% saponin, and 0.2% gelatin) for 10 min. The sections were then incubated overnight at 4 °C with the primary antibody anti-AQP2 H7661 (Department of Biomedicine, Aarhus University, Denmark) diluted 1:900 in PBS with 0.1% BSA and 0.3% Triton X-100. The sections were washed 3 times with PBS wash buffer for 10 min each time and incubated with horseradish peroxidase-conjugated secondary antibodies (P 0448 Dako, Denmark) for 1 h at room temperature. After rinsing with PBS wash buffer (3 times for 10 min), the sites of antibody-antigen reaction were visualized by 0.05% 3,3'-diaminobenzidine tetrachloride (DAB). Meyer's hematoxylin was used for counterstaining and after dehydration coverslips were mounted with hydrophobic medium. Light microscopy was carried out with an Olympus BX40 light microscope coupled to an Olympus digital camera (Olympus, Japan). Specificity of immunostaining was confirmed by following the above procedures in the absence of the primary antibody (negative control). The expression of AQP2 was evaluated semiquantitatively using grades: +, ++, or +++ (Table 2) . Table 2 . Immunoexpression of AQP2 in the principal cells of the kidney collecting ducts in growing piglets fed with different levels of inulin-type fructans.
Group
Principal cells of the collecting duct
Control group +
Group I +/++
Group II ++
Group III ++/+++
Group IV +++
Legend: (+++) strong, (++) moderate, (+) weak expression.
Results
Normal and typical structure of the renal cortex and medulla was observed in the preparations stained with HE and PAS methods in all piglets studied. There were no differences in renal histology between the particular groups. Figure 1 shows representative images of the porcine renal cortex and medulla. Figure 2 shows the immunostaining of AQP2 in the renal tissue. AQP2 was found in the collecting ducts of the renal medulla. In all test groups of animals, AQP2 was mainly visible in the apical plasma membrane of the principal cells of the collecting duct. Weaker immunohistochemical staining was also visible in both the intracellular vesicles and the basolateral membrane. AQP2 expression was increased in all experimental groups (Figure 2 , insets I-IV) in comparison to piglets from the control group (Figure 2 , inset C). Semiquantitative evaluation of the AQP2 expression in the principal cells of the collecting duct is presented in Table 2 . In the control group, weak immunohistochemical reaction was observed. Weak to moderate expression of AQP2 was noted in the group I, whereas a moderate expression was found in group II. Expression of AQP2 in the renal collecting duct of the animals from group III was moderate to strong. However, in group IV of pigs the AQP2 expression was strong. Figure 3 shows AQP2 abundance as determined by Western blot. AQP2 antibodies recognized a 29-kDa band in protein samples from kidneys of growing piglets. It was confirmed, based on the analysis of average OD of the bands, that animals fed a diet enriched with inulin-type fructans showed significantly (P < 0.005) increased expression of AQP2 in the renal medulla of the kidneys. OD in the control group was Figure 1 . Representative image of renal histology of growing piglets. C: Control group. Piglets were fed diets supplemented with 1% (group I), 2% (group II), and 3% (group III) of water extract of chicory root inulin-type fructans. Group IV was fed the diet supplemented with 4% dried chicory roots. Scale bars = 50 µm.
2408.55 ± 436.34, while in groups I, II, III, and IV, OD was 3947.77 ± 497.31, 6135.00 ± 486.86, 6260.47 ± 701.80, and 7119.44 ± 665.75, respectively. Statistical differences were also found between group II and groups III and IV of animals. The influence of level of feeding on AQP2 expression changes was confirmed at the P < 0.00000 level.
Discussion
In the present study, immunohistochemistry and Western blot analyses revealed that AQP2 is expressed in the principal cells of collecting ducts of the kidneys in growing piglets. This protein is mainly localized in the apical plasma membrane of these cells. AQP2 is also present in Figure 2 . Immunohistochemical staining of AQP2 in paraffin-embedded sections of the renal medulla of growing piglets. C: Control group. Piglets were fed diets supplemented with 1% (group I), 2% (group II), and 3% (group III) of water extract of chicory root inulin-type fructans. Group IV was fed the diet supplemented with 4% dried chicory roots. In the absence of the primary antibody, no reaction product was observed (NC: negative control). Scale bar = 50 µm. intracellular vesicles and the basolateral membrane. The location, distribution, and expression of AQP2 observed in piglets examined was typical and characteristic of humans and other animal species (9, 10) .
It is widely accepted that AQP2 expression in mammalian kidneys is mainly regulated by vasopressin (AVP), an antidiuretic brain-secreted hormone. AVP regulates water permeability in the renal collecting duct by two distinct processes. The first one is a short-term regulation, which occurs over a period of minutes as a result of the regulation of trafficking of intracellular vesicles containing AQP2 to and from the apical plasma membrane in response to AVP. The second process is a long-term regulation, which occurs within hours or days as a result of the regulation of whole-cell AQP2 abundance by AVP (11, 12) .
In the current study, piglets fed a modified diet showed a statistically significant increase in AQP2 expression in the renal medulla compared to control animals. The observed increase of total AQP2 abundance seems to be similar to that observed during long-term regulation. This time, however, the causative agent of the entire cascade of processes leading in effect to the likely increase in translation rate, reduction of degradation, and removal of this protein from the cells is the long-term supply to animals of inulin-type fructans with feed. When 2% and 3% inulin-type fructans and dried chicory are used in a diet, AQP2 expression, measured by the OD of the bands, is nearly threefold higher compared to that of the control group. In addition, immunohistochemistry experiments revealed that the expression of AQP2 was increased in the apical plasma membrane. It can be concluded that the increased abundance of AQP2 in the apical plasma membrane and the total amount of this protein in the renal medulla caused significantly increased renal resorption of water in animals fed a high-fiber diet. However, how feeding animals feed with the addition of inulin-type fructans resulted in the observed changes in the expression and immunolocalization of AQP2 is difficult to unambiguously illuminate. The results of a study published by Nasir et al. (2) may be helpful in explaining this phenomenon. These authors showed that in healthy mice, the addition of 10% gum arabic, a water-soluble dietary fiber, to the drinking water caused, among other effects, an increase in the 24-h creatinine clearance as a measure of GFR. According to the authors, the observed increase in GFR in mice could be due to an elevated amount of short-chain fatty acids (SCFAs), such as butyrate, which are products of gum arabic degradation by intestinal bacteria in the colon. As shown by other authors, SCFAs, including butyrate, caused an increase in GFR and renal blood flow (13, 14) . The experimental healthy mice, after the administration of 10% gum arabic, showed a reduction in the renal excretion of Na + and Cl -and an increase in the concentration of these electrolytes in the blood plasma. However, no changes in aldosterone concentration or systolic blood pressure were detected. In turn, a significant reduction was found of the urine volume despite constant fluid intake and increased AVP excretion (2) . Increased AVP excretion in the urine was undoubtedly accompanied by higher expression of the total amount of AQP2 in the kidneys of the test mice, which resulted in the observed decrease in diuresis. The increase in urinary AVP excretion and reduction in the volume of urine was also probably a response to increased plasma concentrations of Na + and Cl
-. An increase in the absorption of water in renal tubules of healthy mice could also result from a higher GFR. It is known that a higher GFR, and thus an increase in charge of the substances filtered, including water, is often accompanied by the intensification of tubular resorption processes.
It is well known that inulin-type fructans undergo selective and rapid bacterial fermentation in the large intestine, contributing to the increase of lactobacilli. Studies in adult pigs and growing piglets demonstrated that the addition of inulin in the feed primarily stimulates the growth of bacteria of the genus Bifidobacterium (15) . The result of the so-called bifidogenic effect (selective fermentation of fructans by Bifidobacterium), similarly as after the supply of gum arabic, is a significant increase of the production of SCFAs in the pig ileum, including butyrate (16) . Perhaps one of the factors that could have contributed to the observed increase in the expression of AQP2 in the renal medulla of pigs fed feed supplemented with inulin-type fructans was exactly the higher butyrate production, and thus an increase of the GFR. However, we think that the most probable cause of increased total amount of AQP2 and elevated expression of this protein in the apical plasma membrane is the suspension of water demand in response to increased resorption of many mineral components, mainly in the intestinal tract. The result of increased production of SCFAs is a decrease of pH of intestinal content. Low pH in the intestine, in turn, increases the solubility of micro-and macronutrients and increases the pool of ionized components, and thus their absorption. In addition, SCFAs can form complexes with minerals, which also increases their resorption in the intestine (17) . In pigs fed with feed supplemented with inulin, intestinal absorption of such elements as Fe, Mg, Zn, Mn, Zn, or Cu is increased (18, 19) . Therefore, an increase in the plasma concentration of many mineral components, as a result of higher absorption in the gut, to maintain the current, correct water and electrolyte balance, must be accompanied by an increase in the resorption of water in the renal tubules. We speculate that the secretion of AVP in pigs was probably increased, similarly as in healthy mice treated with 10% gum arabic, where an increase in urinary AVP excretion was observed in response to higher plasma concentrations of mineral substances. The result of this can be an increase of the total amount of AQP2 in the renal medulla and increased expression of this protein in the apical plasma membrane of principal cells of the collecting duct observed in pigs fed with feed supplemented with inulin-type fructans. These changes seem to be proportional to the dose of inulin-type fructans in the diet.
In summary, we have demonstrated that AQP2 in growing piglets is located in the principal cells of the collecting duct. The presence of AQP2 was detected mainly in the apical plasma membrane, but also in the intracellular components as well as basolateral membrane of the principal cells of the collecting ducts. Furthermore, we found that the feeding of growing piglets feed supplemented with different amounts of inulin-type fructans increased the total amount of AQP2 and increased expression of this protein in the apical plasma membrane.
